Heart failure is a leading cause of death in aging population. Cardiac hypertrophy is an adaptive reaction of the heart against cardiac overloading, but continuous cardiac hypertrophy can increase cardiac remodeling and heart failure in the future. Nevertheless, the underlying molecular mechanisms of cardiac hypertrophy are still poorly understood. Cardiac hypertrophy is considered to be a therapeutic target for controlling heart failure. There is still a lack of novel approaches to treat cardiac remodeling and heart failure. In order to prevent heart failure, it is necessary to identify and characterize molecules that may regulate cardiac hypertrophy.

MicroRNAs (miRNAs) are small noncoding RNA molecules (∼22 nucleotides) and act as negative regulators of gene expression by inhibiting mRNA translation or promoting mRNA degradation.^[@bib1]^ Growing evidences have shown that miRNAs play an important role in the regulation of development, differentiation, proliferation and apoptosis.^[@bib2],\ [@bib3],\ [@bib4]^ The miRNAs emerged as powerful and dynamic modifiers of cardiovascular diseases. They were reported to participate in the regulation of cardiac hypertrophy.^[@bib5],\ [@bib6]^ In another study of our laboratory, we found miR-541 was significantly downregulated by angiotensin II (Ang-II) treatment in cardiomyocytes that was detected by a microarray assay. So far, miR-541 has never been reported in cardiovascular disease.

Microphthalmia-associated transcription factor (MITF) belongs to a family of transcription factors that contain a basic helix-loop-helix and leucine-zipper (bHLH-LZ) structure.^[@bib7],\ [@bib8],\ [@bib9]^ MITF is a product of the microphthalmia locus in mice, and it plays important roles in the differentiation of melanocytes, hearing and eye developmental pathways.^[@bib10],\ [@bib11]^ Mutations in this locus cause the Waardenburg syndrome type II in humans that is characterized by sensorineural hearing loss and abnormal pigmentation of the hair and skin.^[@bib12],\ [@bib13]^ MITF regulates gene transcription by binding to E-box motif (CANNTG) in the upstream promoter regions of MITF-responsive genes.^[@bib14]^ Beyond the already known genes activated by MITF, other potential targets were identified by using the microarrays in MITF-overexpressing human melanoma cells.^[@bib15]^ Recently, a report showed that the mouse strains with MITF mutations were able to decrease the cardiac hypertrophy in response to *β*-adrenergic stimulation.^[@bib16]^ MITF was also reported to be decreased in heart failure sample.^[@bib17]^

The aim of our present work is to investigate the role of miR-541 (our present work only focus on the miR-541-5p) in the cardiac hypertrophy pathway. The miR-541 was able to decrease the cardiomyocyte hypertrophy in response to Ang-II stimulation. We generate miR-541 transgenic mouse that was able to antagonize cardiac hypertrophic response of Ang-II. Furthermore, we found that MITF can negatively regulate the expression of miR-541. The ce/ce mutant MITF (MITF^ce/ce^) mice were able to decrease the cardiac hypertrophy in response to Ang-II stimulation. This will provide new insights into understanding the pathogenesis of cardiac hypertrophy.

Results
=======

The miR-541 can inhibit cardiac hypertrophy induced by Ang-II treatment
-----------------------------------------------------------------------

In another study of our laboratory, microarray assays were conducted from neonatal mouse cardiomyocytes that were treated with Ang II for 24 h or untreated (control). The result shows the levels of some miRNAs were significantly altered upon Ang-II treatment ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The miR-541 was one of the significantly downregulated miRNAs, and it has never been reported in cardiovascular disease. Hence, we wanted to know whether miR-541 can regulate cardiac hypertrophy in response to Ang-II treatment. The level of miR-541 was reduced upon Ang-II treatment in cardiomyocytes, and it occurred in a time-dependent manner ([Figure 1a](#fig1){ref-type="fig"}). Enforced expression of miR-541 resulted in a decrease in cell size after Ang-II treatment in cardiomyocytes ([Figure 1b](#fig1){ref-type="fig"}). Other cardiac hypertrophic responses including cell surface area ([Figure 1c](#fig1){ref-type="fig"}), protein/DNA ratio ([Figure 1d](#fig1){ref-type="fig"}) and cardiac hypertrophic markers atrial natriuretic factor (ANF; [Figure 1e](#fig1){ref-type="fig"}) and *β*-myosin heavy chain (*β*-MHC; [Figure 1f](#fig1){ref-type="fig"}) were also attenuated after Ang-II treatment. This indicates that miR-541 can inhibit the cardiomyocyte hypertrophy induced by Ang-II treatment *in vitro*.

The miR-541 antagonizes cardiac hypertrophy in the animal model
---------------------------------------------------------------

To better understand the function of miR-541 in the heart, we generated transgenic mice with cardiac-specific overexpression of miR-541 ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Five lines of miR-541 transgenic mice demonstrated a high-level expression of miR-541 in the heart ([Figure 2a](#fig2){ref-type="fig"}). Line 2 of miR-541 transgenic mice was used for the follow-up studies. These mice were born normally and developed to adulthood. The miR-541 transgenic mice had no significant alterations in cardiac hypertrophy ([Figure 2b](#fig2){ref-type="fig"}), and the cardiac function was also not different as compared with wild-type (WT) mice ([Figure 2c](#fig2){ref-type="fig"}). Subsequently, we detected cardiac hypertrophic responses in miR-541 transgenic mice in response to Ang-II treatment. The miR-541 transgenic mice exhibited a reduced hypertrophic phenotype upon Ang-II treatment. The cardiac hypertrophic responses including heart/body weight ratio ([Figure 2d](#fig2){ref-type="fig"}), cross-sectional area ([Figure 2e](#fig2){ref-type="fig"}) and cardiac hypertrophy markers ANF and *β*-MHC ([Figure 2f](#fig2){ref-type="fig"}) were attenuated compared with WT mice. The level of myocardial fibrosis was significantly reduced in miR-541 transgenic mice upon Ang-II treatment as compared with WT mice ([Figure 2g](#fig2){ref-type="fig"}). Concomitantly, the cardiac function was also significantly ameliorated in miR-541 transgenic mice ([Figure 2h](#fig2){ref-type="fig"}). Thus, it appears that miR-541 exerts antihypertrophic function in animal model.

The miR-541 is negatively regulated by MITF at the transcriptional level
------------------------------------------------------------------------

MITF is a bHLH-LZ transcription factor. MITF was reported to be decreased in heart failure sample,^[@bib17]^ and the mouse strains with MITF mutations were also able to decrease cardiac hypertrophy in response to *β*-adrenergic stimulation.^[@bib16]^ The simultaneous alterations of miR-541 and MITF made us to consider whether they are related in the cardiac hypertrophic pathway. Hence, we analyzed the promoter region of mouse miR-541 and observed that there was a potential binding site of MITF ([Figure 3a](#fig3){ref-type="fig"}). The level of miR-541 was increased in MITF^ce/ce^ mice as compared with WT mice ([Figure 3b](#fig3){ref-type="fig"}). Next, we tested whether MITF can bind to the promoter region of miR-541. ChIP assay revealed the association of MITF with the binding site in response to Ang-II treatment ([Figure 3c](#fig3){ref-type="fig"}). Furthermore, we tested whether MITF can influence the promoter activity of miR-541. The WT miR-541 promoter demonstrated a decreased activity after overexpression of MITF. However, mutations in the MITF consensus binding site could abolish the inhibitory effect of MITF on the promoter activity of miR-541 ([Figure 3d](#fig3){ref-type="fig"}). These data suggest that MITF can negatively regulate the expression of miR-541. Ang-II treatment could also decrease the promoter activity of miR-541 ([Figure 3e](#fig3){ref-type="fig"}). Concomitantly, knockdown of MITF could attenuate the decrease of miR-541 promoter activity induced by Ang-II in cardiomyocytes ([Figure 3f](#fig3){ref-type="fig"}). These data indicate that miR-541 can be transcriptionally repressed by MITF.

MITF can regulate cardiac hypertrophy *in vivo*
-----------------------------------------------

To test whether MITF is involved in the Ang-II-induced cardiac hypertrophic pathway, we infused MITF^ce/ce^ mice with Ang-II, and detected the hypertrophic responses of MITF^ce/ce^ mice in response to hypertrophic stimulation. MITF^ce/ce^ mice exhibited a reduced hypertrophic phenotype upon Ang-II treatment ([Figure 4a](#fig4){ref-type="fig"}). The heart/body weight ratio in MITF^ce/ce^ mice group was decreased after Ang-II treatment as compared with the WT group ([Figure 4b](#fig4){ref-type="fig"}). We also observed an attenuation of other cardiac hypertrophic responses including cross-sectional area ([Figures 4c and d](#fig4){ref-type="fig"}) and cardiac hypertrophic markers ANF and *β*-MHC ([Figure 4e](#fig4){ref-type="fig"}). Concomitantly, the cardiac function in MITF^ce/ce^ mice group was significantly ameliorated after Ang-II treatment as compared with the WT group ([Figure 4f](#fig4){ref-type="fig"}). Thus, it appears that MITF^ce/ce^ mice resist the cardiac hypertrophic response of Ang-II.

MITF can regulate cardiac hypertrophy *in vitro*
------------------------------------------------

Next, we attempted to understand the function of MITF in hypertrophic machinery in cardiomyocytes. We constructed the adenovirus harboring MITF siRNA that could significantly reduce the level of MITF in cardiomyocytes ([Figure 5a](#fig5){ref-type="fig"}). Knockdown of MITF resulted in a reduction of hypertrophic responses revealed by the cell surface area measurement ([Figure 5b](#fig5){ref-type="fig"}) and the analysis of protein/DNA ratio ([Figure 5c](#fig5){ref-type="fig"}) after Ang-II treatment. The cardiomyocyte size ([Figure 5d](#fig5){ref-type="fig"}) and cardiac hypertrophic markers ANF ([Figure 5e](#fig5){ref-type="fig"}) and *β*-MHC ([Figure 5f](#fig5){ref-type="fig"}) were also reduced after knockdown of MITF by siRNA as compared with that in scramble control. These data suggest that MITF participates in antagonizing hypertrophy in cardiomyocytes.

MITF regulates cardiac hypertrophy through targeting miR-541
------------------------------------------------------------

Next, we wanted to further verify whether MITF exerts its antihypertrophic function through targeting miR-541. We used chemically synthesized antagomir^[@bib18]^ (anta-541) to knock down endogenous miR-541. The antagomir-NC (anta-NC) was used as a negative control. The anta-541 could efficiently counteract the increase of miR-541 after knockdown of MITF in cardiomyocytes in response to Ang-II ([Figure 6a](#fig6){ref-type="fig"}). The anta-541 can also compensate the decrease of cardiac hypertrophic responses including cell surface area ([Figure 6b](#fig6){ref-type="fig"}), protein/DNA ratio ([Figure 6c](#fig6){ref-type="fig"}) and cardiac hypertrophic marker *β*-MHC ([Figure 6d](#fig6){ref-type="fig"}) after knockdown of MITF in cardiomyocytes in response to Ang-II. These data indicate that knockdown of miR-541 can block the antihypertrophic effect of knockdown of MITF in cardiomyocytes in response to Ang-II. The effect of MITF on cardiac hypertrophy may rely on the regulation of miR-541. Ang-II treatments have been reported to influence the phosphorylation of Akt and Erk1/2 in rat cardiac fibroblasts and endothelial progenitor cells.^[@bib19],\ [@bib20]^ A recent report has shown that miR-541 can negatively regulate the expression of Her2 and Erk1/2 in breast cancer cells.^[@bib21]^ Hence, we also detected Akt, Erk1/2 and Her2 in response to Ang-II with or without anti-miR-541. The results showed that Ang-II treatment increased the phosphorylation of Akt and Erk1/2; meanwhile knockdown of miR-541 by antagomir could enhance these effects ([Figure 6e](#fig6){ref-type="fig"}). Both Ang-II treatment and knockdown of miR-541 did not influence the expression of Her2 ([Figure 6e](#fig6){ref-type="fig"}).

Discussion
==========

Cardiac hypertrophy is an adaptive reaction of the heart in response to a variety of physiological as well as pathophysiological stimuli, and the continuous cardiac hypertrophy can eventually lead to heart failure. Heart failure is one of the leading causes of hospitalization and death worldwide. Antagonizing the maladaptive cardiac hypertrophy is considered to be a therapeutic target for treating heart failure. Hence, it is necessary to elucidate the molecular mechanisms of cardiac hypertrophy, and discover effective therapeutic targets for suppressing maladaptive hypertrophy and the consequent heart failure. In another study of our laboratory regarding how Ang-II altered the expression of miRNAs, a miRNA microarray analysis from cardiomyocytes identified the significant downregulation of nine miRNAs in response to Ang-II treatment. The miR-541 is one of them, and has never been reported in cardiovascular disease. Our present work identified that MITF is a pro-hypertrophic transcriptional factor. It can negatively regulate the expression of miR-541 at the transcriptional levels. We also produced miR-541 transgenic mice and these mice are resistant to Ang-II-induced cardiac hypertrophy. Our data further show that MITF exerts its pro-hypertrophic function through targeting miR-541. Our results will provide new insights into understanding the pathogenesis of cardiac hypertrophy.

Recent works about miRNAs demonstrate that a number of miRNAs are able to influence cardiac hypertrophy pathway. For example, overexpression of miR-1 can reduce the cell size and attenuates the expression of hypertrophic markers, whereas silencing of miR-1 leads to the hypertrophic phenotype.^[@bib22]^ The *in vivo* inhibition of miR-199b by a specific antagomir reduces nuclear NFAT activity and causes marked inhibition and even reversal of hypertrophy and fibrosis in mouse models of heart failure.^[@bib23]^ The miRNAs usually have multiple functions. Some miRNAs exert pro-hyertrophic function, whereas others are able to inhibit hypertrophy. Our present work found that miR-541 is a target of MITF, and the level of miR-541 was also decreased in response to Ang-II treatment. The miR-541 may be the downstream factor of MITF in cardiac hypertrophy pathway. Hence, we constructed the transgenic mice with cardiac-specific overexpression of miR-541.

It is noteworthy that miR-541 transgenic mice exhibit no obvious alterations in phenotype under physiological condition. However, these mice are resistant to cardiac hypertrophy under pathological stimulation with Ang-II. This is similar to a previous report that alteration of a miRNA may not influence the phenotype under physiological condition, and may function only under pathological condition.^[@bib24],\ [@bib25]^ Other reports also show that basal cell size can be reduced by overexpression of a miRNA. For instance, overexpression of miR-98 can reduce cell size in the absence of pathological insult.^[@bib26]^ Cardiac-specific overexpression of miR-208a can induce cardiac hypertrophic growth in mice, resulting in a pronounced repression of target genes including thyroid hormone-associated protein 1 and myostatin (two negative regulators of muscle growth and hypertrophy).^[@bib27]^ Those prohypertrophic miRNAs may induce cardiac hypertrophic responses in the absence of hypertrophic stimulation.^[@bib27]^ Because physiological cell growth and the pathological hypertrophy can be regulated by distinct cellular machinery, the underlying mechanism by which a miRNA regulates cell size under physiological condition is an interesting topic for future studies. Our present work also shows that the miR-541 transgenic mice exhibited less myocardial fibrosis in miR-541 transgenic mice upon Ang-II treatment as compared with WT mice. The above data indicate that miR-541 transgenic mice tolerate Ang-II-stimulated cardiac hypertrophy.

Recently, a report has shown that Her2 and Erk1/2 may be the targets of miR-541 in breast cancer cells.^[@bib21]^ Our present results showed that knockdown of miR-541 by antagomir enhanced the phosphorylation of Akt and Erk1/2 after Ang-II treatment in cardiomyocyte. This indicates that the antihypertrophic function of miR-541 may rely on Akt and Erk1/2 signaling pathways. Ang-II treatment and knockdown of miR-541 did not alter the total levels of Akt and Erk1/2. This suggests that alteration of Akt and Erk1/2 are not the direct effects of miR-541. Our results also showed that Ang-II treatment and knockdown of miR-541 did not influence the expression level of Her2 in mouse cardiomyocytes. This is inconsistent with the previous report in human breast cancer cells,^[@bib21]^ and this may be because of species differences.

MITF resides at the microphthalmia locus in mice, and belongs to a family of transcription factors that contain the bHLH-LZ structure.^[@bib7],\ [@bib8],\ [@bib9]^ Mutations of this gene result in deafness, bone loss, small eyes and poorly pigmented eyes and skin.^[@bib28]^ In humans, mutation in this gene causes Waardenburg syndrome type, II,^[@bib12],\ [@bib13]^ and it plays an important role in the development and the function of several cell types, including melanocytes and mast cells.^[@bib11],\ [@bib29],\ [@bib30]^ MITF is transcribed from several alternative promoters, and has generated several splice transcripts at transcriptional levels.^[@bib11]^ This may exert potentially distinct biological functions. MITF is also abundantly expressed in cardiomyocytes, and only the MITF-H isoform is expressed in cardiomyocytes.^[@bib31]^ Studies show that the expression of myosin light-chain 1a (MLC-1a) is regulated by MITF-H.^[@bib31]^ Recently reports also show that the mouse strains with MITF mutations were able to decrease cardiac hypertrophy in response to *β*-adrenergic stimulation,^[@bib16]^ and MITF was also decreased in heart failure sample.^[@bib17]^ This indicates that MITF may play an important role in the regulation of cardiac hypertrophy. In the present study, we used MITF^ce/ce^ mice and found that MITF^ce/ce^ mice can resist Ang-II-induced cardiac hypertrophic response. In addition, we also knocked down the MITF in cardiomyocytes *in vitro*, and these cells can also antagonize hypertrophy in response to Ang-II treatment. The above data demonstrate that MITF is an important regulator of cardiac hypertrophy.

The present work shows that MITF can negatively regulate the expression of miR-541 at the transcriptional levels. This is consistent with our previous report that Foxo3a can negatively regulate the expression of miR-874.^[@bib32]^ In addition, we found that knockdown of miR-541 can block the antihypertrophic effect of knockdown of MITF in cardiomyocytes in response to Ang-II. This indicates that the effect of MITF on cardiac hypertrophy relies on the regulation of miR-541. The miRNAs usually regulate gene expression at the post-transcriptional level through both translational inhibition and mRNA degradation. Which gene is the target of miR-541 in cardiac hypertrophy pathway? This requires further study.

In summary, our present work identified that miR-541 exerts antihypertrophic function in both cellular and animal models. Furthermore, we reveal that miR-541 is the target of MITF in the hypertrophic pathway, and MITF can negatively regulate the expression of miR-541 at the transcriptional levels. MITF is also able to influence cardiac hypertrophy in cellular and animal models. MITF regulates cardiac hypertrophy through targeting miR-541. Our results provide novel molecular pathway regulating hypertrophy in the heart. Modulation of miR-541 or MITF levels may provide an intriguing approach for tackling cardiac hypertrophy.

Materials and Methods
=====================

Animal
------

All mice lines were held and propagated in a specific pathogen-free environment. MITF^sp/ce^ mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA), and bred to produce MITF^ce/ce^ mice for experiments. The MITF encoded by the mutated mouse allele (ce/ce) lack the LZ domain of MITF because of a stop codon between the HLH and LZ domains.^[@bib10]^ Littermates of MITF^ce/ce^ mice were distinguished by coat color.

For generation of cardiac-specific overexpression of miR-541 transgenic mice, a 414-bp DNA fragment containing murine miR-541 was cloned to the p*α*MHC-clone26 vector (kindly provided by Dr. Zhongzhou Yang, Model Animal Research Center of Nanjing University, Nanjing, China), under the control of the *α*-MHC promoter. The primers used to generate miR-541 transgenic mice include: forward primer 5′- CACAGGTCAGTTTCCAGAACA-3′ reverse primer: 5′-CGGTGATGTCATAGCAAGAA-3′. Microinjection was performed following standard protocols. The primers for genotyping miR-541 transgenic mice include: forward primer in the *α*-MHC promoter, 5′-CAGAAATGACAGACAGATCCCTCC-3′ the reverse primer in the miR-541 DNA, 5′- CCCTTGTGCCAGTGTGTAT-3′.

Animal experiments
------------------

C57BL/6 mice (WT mice) were purchased from Institute of Laboratory Animal Science of Chinese Academy of Medical Sciences (Beijing, China). The adult male mice (8 weeks old) were used throughout the study. WT mice, MITF^ce/ce^ mice and miR-541 transgenic mice were infused with Ang-II (0.6 mg/kg/day dissolved in 0.9% NaCl, Sigma, St. Louis, MO, USA); saline-infused mice served as controls. All mice were infused with Ang-II for 2 weeks. The infusions were executed with implanted osmotic minipumps (Alzet model 1002, Alza Corp, Mountain View, CA, USA) as we have described previously.^[@bib33]^ All animal experimental procedures were approved by the Animal Ethics Committee of Institute of Zoology, Chinese Academy of Sciences.

Cardiomyocyte culture and treatment
-----------------------------------

Cardiomyocytes were isolated from 1- to 2-day-old mice as we have described previously.^[@bib34]^ Briefly, after dissection, hearts were washed and minced in HEPES-buffered saline solution. Tissues were then dispersed in a series of incubations at 37°C in HEPES-buffered saline solution containing 1.2 mg/ml pancreatin and 0.14 mg/ml collagenase (Worthington, Lakewood, NJ, USA). After centrifugation, cells were resuspended in Dulbecco\'s modified Eagle\'s medium/F-12 (GIBCO, Invitrogen, San Diego, CA, USA) containing 5% heat-inactivated horse serum, 0.1 mM ascorbate, insulin-transferring-sodium selenite media supplement (Sigma), 100 U/ml penicillin, 100 *μ*g/ml streptomycin and 0.1 mM bromodeoxyuridine. The dissociated cells were preplated at 37°C for 1 h. The cells were then diluted to 1 × 10^6^ cells/ml and plated in 10 *μ*g/ml laminin-coated different culture dishes according to the specific experimental requirements. Cells were treated with Ang-II at 150 nM for 24 h, except as otherwise indicated elsewhere.

Echocardiographic assessment of cardiac dimensions and function
---------------------------------------------------------------

Transthoracic echocardiography was performed on lightly anesthetized mice by using a Vevo 770 high-resolution system (Visualsonics, Toronto, ON, Canada) equipped with a 40-MHz RMV 704 scanhead. Two-dimensional guided M-mode tracings were recorded in both parasternal long and short axis views at the level of papillary muscles. Left ventricular posterior wall thickness at end-diastole (LVPWd), end-diastolic interventricular septum thickness (IVSd), left ventricular internal diameters at end-systole (LVIDs) and fractional shortening (FS) were calculated with the established standard equation. All the measurements were made from more than three beats and averaged.

Immunoblot
----------

Immunoblot was performed as we described previously.^[@bib35]^ In brief, cells were lysed for 1 h at 4°C in a lysis buffer (20 mM Tris (pH 7.5), 2 mM EDTA, 3 mM EGTA, 2 mM DTT, 250 mM sucrose, 0.1 mM PMSF, 1% Triton X-100 and a protease inhibitor cocktail). Samples were subjected to 12% SDS-PAGE and transferred to nitrocellulose membranes. Blots were probed using antibodies. The antibodies against MITF, Akt and phospho-Akt were from Abcam (Cambridge, UK), antibodies against ERK1/2, phospho-ERK1/2 and Her2 were from Cell Signaling Technology (Beverly, MA, USA) and horseradish peroxidase-conjugated goat anti-mouse IgG was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Probe using *β*-actin antibody (Santa Cruz Biotechnology) was used as loading control. Proteins were visualized by enhanced chemiluminescence.

Quantitative reverse transcription-PCR (qRT-PCR)
------------------------------------------------

Stem-loop qRT-PCR for mature miR-541-5p was performed as described previously.^[@bib36]^ Total RNA was extracted using Trizol reagent. After DNAse I (Takara, Otsu, Japan) treatment, RNA was reverse transcribed with reverse transcriptase (ReverTra Ace, Toyobo, Osaka, Japan). The SYBR Premix Ex Taq II Kit (Takara) was used for amplification. Quantitative PCR was performed on a CFX96 Real-Time PCR Detection System (Bio-Rad, Richmond, CA, USA). The results of qRT-PCR were normalized to that of U6. The sequences of U6 primers were: forward: 5′-GCTTCGGCAGCACATATACTAA-3′ and reverse: 5′-AACGCTTCACGAATTTGCGT-3′. The quantitative detection of ANP and *β*-MHC by qRT-PCR was performed using the SYBR Premix Ex Taq II Kit (Takara) on a CFX96 Real-Time PCR Detection System (Bio-Rad). The qRT-PCR primers for ANP and *β*-MHC, the sequences of ANP primers were forward: 5′-CTCCGATAGATCTGCCCTCTTGAA-3′ and reverse: 5′- GGTACCGGAAGCTGTTGCAGCCTA-3′. *β*-MHC forward primer was 5′-CAGACATAGAGACCTACCTTC-3′ and reverse was 5′-CAGCATGTCTAGAAGCTCAGG-3′. The results were standardized to control values of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH forward primer was 5′-TGTGTCCGTCGTGGATCTGA-3′ and reverse was 5′-CCTGCTTCACCACCTTCTTGA-3′. The specificity of the PCR amplification was confirmed by melting curve analysis.

Determinations of cell surface areas and protein/DNA ratio
----------------------------------------------------------

Cell surface area of F-actin-stained cells or unstained cells was measured as we have described previously.^[@bib35]^ In each group, 100--200 cardiomyocytes in 30--50 fields were examined. For staining of filamentous actin, the cardiomyocytes were fixed in 3.7% formaldehyde in PBS. Cells were dehydrated with acetone for 3 min and treated with 0.1% Triton X-100 for 20 min. They were then stained with a 50 *μ*g/ml fluorescent Phalloidin-TRITC (Sigma) for 45 min at room temperature, and visualized by a laser confocal microscopy (Zeiss LSM 510 META, Oberkochen, Germany). To measure protein/DNA ratio, total protein and DNA contents were analyzed as we have described previously.^[@bib34]^

Histological analysis
---------------------

Histological analysis of the hearts was carried out as we have described previously.^[@bib33]^ Briefly, hearts were excised, fixed in 10% formalin, embedded in paraffin and sectioned into 7 *μ*m slices, and stained with hematoxylin--eosin (HE). To measure the cross-sectional area of the cardiomyocytes, the sections were stained with FITC-conjugated wheat germ agglutinin (Sigma) according to the method previously described.^[@bib37]^ The myocardial fibrosis was determined by standard Masson trichrome staining in the heart sections according to the manufacturer\'s instructions (Sigma).

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

ChIP assay was performed as we have described previously.^[@bib33]^ In brief, cells were washed with PBS and incubated for 10 min with 1% formaldehyde at room temperature. The crosslinking was quenched with 0.1 M glycine for 5 min. Cells were washed twice with PBS and lysed for 1 h at 4°C in a lysis buffer. The cell lysates were sonicated into chromatin fragments with an average length of 500 to 800 bp as assessed by agarose gel electrophoresis. The samples were precleared with Protein-A agarose (Roche, Penzberg, Germany) for 1 h at 4°C on a rocking platform, and 5 *μ*g MITF antibodies (Abcam, Cambridge, UK) were added and rocked overnight at 4°C. Immunoprecipitates were captured with 10% (vol/vol) Protein-A agarose for 4 h. Before use, Protein-A agarose was blocked twice at 4°C with salmon sperm DNA (2 *μ*g/ml) overnight. DNA fragments were purified with a QIAquick Spin Kit (Qiagen, Hilden, Germany). The purified DNA was used as a template and amplified with the following primer sets: 5′-CCCTTCCTCTCCTCAACTCA-3′ and 5′-GTAAACGGGATGAAATGCTG-3′.

Constructions of mouse miR-541 promoter and its mutant
------------------------------------------------------

We downloaded 3-kb region upstream sequences of mouse miR-541, and we found potential MITF binding sites in −1441 to −1446. The miR-541 promoter fragment was amplified from mouse genome using PCR. The forward primer was 5′-AGAGGTTGCCCTTGGTGAA-3′ and the reverse primer was 5′-CAAGAGTTCACACAGGCTTCTA-3′. A 1895-bp fragment containing the binding sites was cloned into the pGL4.17 vector (Promega, Madison, WI, USA). The introduction of mutations in the putative MITF binding site was performed with the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) using the WT vector as a template. The construct was sequenced to check that only the desired mutations had been introduced.

Luciferase activity assay was performed using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer\'s instructions. Cells were transfected with the constructs of the empty vector (pGL-4.17), the WT promoter (wt) or the promoter with mutations in the binding site (mutant), respectively. At 48 h after transfection, cells were lysed and luciferase activity was measured.

Adenoviral constructions and infection
--------------------------------------

The codine region of mouse MITF-H was amplified from mouse heart total cDNA using the following primer set: 5′-ATGGAGGCGCTTAGATTTGAG-3′ and 5′-CTAACACGCATGCTCCGTTTC-3′. The adenoviruses harboring MITF were constructed using the Adeno-X expression system (Clontech, Tokyo, Japan). The adenovirus containing *β*-galactosidase (*β*-gal) is as we have described elsewhere.^[@bib38]^ To construct adenoviruses encoding miR-541, mouse genomic sequence harboring the pre-miR-541 was amplified using the following primer set: 5′-CACAGGTCAGTTTCCAGAACA-3′ and 5′-CGGTGATGTCATAGCAAGAA-3′, and then subcloned into the Adeno-X expression system (Clontech). The adenoviruses were produced according to the Kit\'s instructions.

The mouse MITF-RNAi target sequence is 5′-CACGCACTCTCGAGCGTCG-3′. A nonrelated, scrambled RNAi without any other match in the mouse genomic sequence was used as a control (5′-AGAGCCCTATGCCCTGGCC-3′). The adenoviruses harboring these MITF-RNAi constructs were generated using the pSilencer adeno 1.0-CMV System (Ambion, Austin, TX, USA) according to the Kit\'s instructions. Adenoviruses were amplified in HEK293 cells. Adenoviral infection of cardiomyocytes was performed as we have described previously.^[@bib35]^

Transfection of antagomir
-------------------------

The miR-541-5p antagomir and the antagomir negative control (antagomir-NC) were purchased from GenePharma Co. Ltd (Shanghai, China). The antagomir sequence is 5′- AGUGUGACCAACAUCAGAAUCCCUU -3′. All the bases were 2′-OMe modified, and the 3′-end was conjugated to cholesterol. Chemically modified oligonucleotides 5′-CAGUACUUUUGUGUAGUACAA-3′ were used as a negative control (antagomir-NC). Cells were transfected with the antagomir or antagomir-NC at 50 n[M]{.smallcaps}. The transfection was performed using Lipofectamine 2000 (Invitrogen, San Diego, CA, USA) according to the manufacturer\'s instructions.

Statistical analysis
--------------------

All data were expressed as mean value±S.D. One-way analysis of variance (ANOVA) followed by the Tukey\'s Honestly Significant Difference (HSD) multiple range test was used for comparison of group mean values. Data were analyzed by Statistical Package for Social Sciences (SPSS, Chicago, IL, USA) 13.0 software. *P*\<0.05 was considered statistically significant.
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![The miR-541 can inhibit the cardiomyocyte hypertrophy induced by Ang-II. (**a**) Cardiomyocytes were treated with Ang-II at the indicated time. The levels of miR-541 were detected by qRT-PCR and the results were normalized to that of U6. \**P*\<0.05 *versus* control. (**b**--**f**) Cardiomyocytes were infected with adenoviral miR-541 or *β*-gal at the MOI of 80. At 24 h after infection, cells were treated with Ang-II. \**P*\<0.05 *versus β*-gal+Ang-II. (**b**) Representative photos of cardiomyocytes revealed by phalloidin-TRITC staining. (**c**) Analysis of cell surface area. (**d**) Protein/DNA ratio. (**e**) The expression levels of ANP were detected by immunoblot and qRT-PCR. (**f**) The expression levels of *β*-MHC were detected by immunoblot and qRT-PCR](cddis2014141f1){#fig1}

![The miR-541 transgenic mice can antagonize cardiac hypertrophy induced by Ang-II. (**a**) Detection of miR-541 levels in miR-541 transgenic (Tg) mice. The expression level of miR-541 in heart was detected by qRT-PCR from wild-type and different lines of miR-541 Tg mice, and the results were normalized to that of U6. (**b**) The miR-541 Tg mice developed normally without obvious phenotype alterations under basal conditions (low panel, bar=20 *μ*m). The ratios of heart/body weight (*n*=16). Histological sections were stained with wheat germ agglutinin-FITC conjugate to determine cell size. Cross-sectional areas were analyzed. (**c**) Cardiac function of wild-type and miR-541 Tg mice were analyzed by echocardiography. LVPWd, left ventricular posterior wall thickness at end-diastole; FS, fractional shortening (*n*=10 per group). (**d**--**h**) Reduced hypertrophic response of miR-541 Tg mice in response to Ang-II infusion. Wild-type (WT) and miR-541 Tg mice were infused with Ang-II. \**P*\<0.05 *versus* WT+Ang-II. (**d**) The ratios of heart/body weight. (**e**) Cross-sectional areas were analyzed by TRITC-conjugated wheat germ agglutinin staining. (**f**) The expression levels of ANP and *β*-MHC were detected by qRT-PCR. (**g**) The miR-541 Tg mice exhibited reduced myocardial fibrosis in response to Ang-II infusion. WT and miR-541 Tg mice were infused with Ang-II. The myocardial fibrosis was determined by Masson trichrome staining. Bar=20 *μ*m. (**h**) Analysis of cardiac function by echocardiography. IVSd, end-diastolic interventricular septum thickness; LVIDs, left ventricular internal diameters at end-systole (*n*=8 per group)](cddis2014141f2){#fig2}

![The miR-541 is negatively regulated by MITF at the transcriptional level. (**a**) Mouse miR-541 promoter region contains the potential MITF binding site and the mutant. (**b**) The levels of miR-541 were detected by qRT-PCR in the heart of MITF^ce/ce^ mice and WT mice. The results were normalized to that of U6. \**P*\<0.05. (**c**) ChIP analysis of MITF binding site in the promoter of miR-541. (**d**) MITF suppressed miR-541 promoter activity. Cardiomyocytes were infected with adenoviral MITF or *β*-gal at the MOI of 80. At 24 h after infection, cells were transfected with the constructs of the empty vector (pGL-4.17), the wild-type promoter (wt) or the promoter with mutations in the binding site (mutant), respectively. The luciferase activities were detected (upper panel). MITF levels were detected by immunoblot (lower panel). \**P*\<0.05. (**e**) Cardiomyocytes were transfected with the constructs of the empty vector (pGL-4.17) or the wt promoter, and then were treated with Ang-II at the indicated time. The luciferase activities were detected. \**P*\<0.05 *versus* wt alone. (**f**) Cardiomyocytes were infected with adenoviral MITF-siRNA or MITF-sc at the MOI of 100. At 24 h after infection, cells were transfected with the constructs of the empty vector (pGL-4.17) or the wt promoter, and then were treated with Ang-II. The luciferase activities were detected. \**P*\<0.05](cddis2014141f3){#fig3}

![MITF can regulate cardiac hypertrophy *in vivo*. Wild-type (WT) and MITF^ce/ce^ mice were infused with Ang-II or saline for 14 days. \**P*\<0.05 *versus* WT+Ang-II. (**a**) Gross hearts (upper panel, bar=2 mm) and heart sections stained with hematoxylin and eosin in lower panel (bar=20 *μ*m). (**b**) The ratios of heart/body weight (*n*=16). (**c**) Typical picture of histological sections stained with TRITC-conjugated wheat germ agglutinin. (**d**) Cross-sectional areas were analyzed by TRITC-conjugated wheat germ agglutinin staining. (**e**) The expression levels of ANP and *β*-MHC were detected by qRT-PCR. (**f**) Analysis of cardiac function by echocardiography. LVPWd, left ventricular posterior wall thickness at end-diastole; IVSd, end-diastolic interventricular septum thickness; LVIDs, left ventricular internal diameters at end-systole; FS, fractional shortening (*n*=8 per group)](cddis2014141f4){#fig4}

![MITF can regulate cardiac hypertrophy *in vitro*. (**a**) Cardiomyocytes were infected with adenoviral MITF-siRNA or its scramble form (MITF-sc) at the indicated MOI. The levels of MITF were detected by immunoblot. (**b**--**f**) Knockdown of MITF results in reduced hypertrophic responses induced by Ang-II. Cardiomyocytes were infected with adenoviral MITF-siRNA or MITF-sc at the MOI of 100. At 24 h after infection, cells were treated with Ang-II. \**P*\<0.05 *versus* MITF-sc+Ang-II. (**b**) Analysis of MITF levels by immunoblot (upper panel); cell surface area measurement (lower panel). (**c**) Protein/DNA ratio. (**d**) Representative photos of cardiomyocytes revealed by phalloidin-TRITC staining. (**e**) The expression levels of ANP were detected by immunoblot and qRT-PCR. (**f**) The expression levels of *β*-MHC were detected by immunoblot and qRT-PCR](cddis2014141f5){#fig5}

![MITF regulates cardiac hypertrophy through targeting miR-541. (**a**--**d**) Cardiomyocytes were infected with adenoviral MITF-siRNA or MITF-sc at the MOI of 100. At 24 h after infection, cells were transfected with miR-541 antagomir (anta-541) or the antagomir control (anta-NC), and then were treated with Ang-II. \**P*\<0.05. (**a**) The levels of miR-541 were detected by qRT-PCR and the results were normalized to that of U6. (**b**) Analysis of cell surface area. (**c**) Protein/DNA ratio. (**d**) The expression levels of *β*-MHC were detected by qRT-PCR. (**e**) Cardiomyocytes were transfected with miR-541 antagomir (anta-541) or the antagomir negative control (anta-NC), and then were treated with Ang-II. The levels of phospho-Akt, Akt, phospho- Erk1/2, Erk1/2 and Her2 were detected by immunoblot](cddis2014141f6){#fig6}
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